Abstract Genetic diversity and relationships within and among nine species of Coffea, one species of Psilanthus and the Piatã hybrid from the Coffee Germplasm Collection of Instituto Agronô-mico de Campinas (IAC), Brazil were assessed using RAPD markers. Genetic diversity and relationships were evaluated by proportion of polymorphic loci (P), Shannon's genetic index (H 0 and G 0 ST ) and clustering analysis. The overall RAPD variation among all accessions was mostly partitioned between rather than within species. However, C. canephora and C. liberica showed a high genetic diversity within the species (H 0 sp = 0.414 and H 0 sp = 0.380, respectively) and this was highly structured (high G 0 ST ). Genetic diversity from C. congensis and C. arabica was also structured, but with lower levels of genetic diversity (H 0 sp = 0.218 and H 0 sp = 0.126, respectively). The results were consistent with agronomic and molecular studies and demonstrated that the IAC Coffea Collection is representative of the phylogenetic structure observed in the genera. This study devises sampling strategies for coffee germplasm collections and provides genetic diversity parameters for future comparisons among them.
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Introduction
The development of new coffee cultivars by breeding programs depends on the existence of germplasm collections with significant and accessible genetic variability. The field Coffee Germplasm Collection of Instituto Agronômico de Campinas (IAC) includes accessions of 14 species of genus Coffea L. and three species of genus Psilanthus Hook.f Medina-Filho et al. 2007 ). The species better represented in the collection are the commercial Coffea arabica L. and Coffea canephora Pierre ex A. Froehner. The others are wild species that, although without commercial value, represent an important source of genetic variability to characteristics like architecture, disease and pest resistance and various agronomic and industrial traits. Currently, the IAC Coffee Germplasm Collection is one of the most representative Coffea collections conserved ex situ. Once direct access to genetic resources from the center of origin of several Coffea species may be restricted, the availability of germplasm collections such as this is crucial for coffee breeding programs.
The efficient use of genetic resources of a germplasm bank requires, besides the introduction, characterization and proper maintenance of its accessions. Coffee Germplasm Collection of IAC has been maintained and characterized by traditional methods such as analysis of morphological (plant height and fruits, leaves and seeds color and size) and agronomic characteristics (productivity, disease and pest resistance, cup quality) (Silvarolla et al. 1999; Gaspari-Pezzopane et al. 2004; Aguiar et al. 2005; Medina-Filho et al. 2007 ). However, this type of evaluation has been insufficient to characterize all available genetic resources, in part due to intrinsic characteristics of coffee like long life span, low genetic diversity of commercial C. arabica plants Maluf et al. 2005 ) and difficulties of in vivo maintenance of some species under the biotic and abiotic hazards of the field collection. In addition, field collections are costly and demand intensive labor, so it is necessary to accurately assess the level of genetic diversity in order to minimize duplication and establish core collections.
Molecular markers are a powerful tool for rapid and efficient access of genetic variability and have been used in germplasm banks and breeding programs of various crop species (Rafalski and Tingey 1993) . Previous studies demonstrated that RAPD analysis is a reliable and effective method to assess genetic variability within and among Coffea species (Orozco-Castillo et al. 1994; Ruas et al. 2000; Maluf et al. 2005 ) as well to provide markers linked to genes of interest for genetic improvement (Agwanda et al. 1997; Ram and Sreenath 2000) .
In this study, we analyzed the genetic diversity and relationships of Coffea Germplasm Collection of IAC through RAPD markers in order to (1) assess the level and distribution of genetic diversity of the collection, (2) determine the genetic distance of the accessions within the collection, and (3) use the information for the coffee breeding program as well as to devise sampling strategies for collections of coffee germplasm.
Material and methods

Plant material
A total of 180 individuals of nine species of genus Coffea L., one species of genus Psilanthus Hook.f. and the Piatã hybrid (Centro de Café's code C387) ) present in the Coffee Germplasm Collection of IAC (Table 1) were selected for analysis. Sampling of individuals was representative of total species/variety/cultivars/ populations accession number at the Germplasm Collection of IAC. Eight cultivars of C. arabica developed by the coffee breeding program at IAC and commercially cultivated in Brazil as well as some mutants of this species were included. The cultivars are Acaiá (AC 474-4), Mundo Novo (MN 388-17), Bourbon Amarelo (BA), Catuaí Vermelho (CV 81), Catuaí Amarelo (CA 100), Icatu Vermelho (IV 4045), Obatã (OB), Tupi (TP) and the mutants are Maragogipe (Mar.), Volutifolia (Vol.) and Polyorthotropica (Pol.). Young leaves were collected from plants of each variety, cultivars or population, frozen in liquid N 2 , and kept at -80°C until used.
Genomic DNA extraction
Total genomic DNA was extracted from frozen young leaves according to Paillard et al. (1996) , using CTAB as detergent. All DNA samples were diluted to a final concentration of 20 ng/ll.
RAPD amplification
A total of 40 ng of each DNA sample was used in PCR reactions for RAPD markers amplification. Random commercial 13-mer oligonucleotides from Operon Technology, kits A, G, and X were used (OPG 05, OPG 06, OPG 10, OPG 17, OPG 18, OPA 05, OPA 07, OPA 11, OPA 15, OPX 06, OPX 09, OPX 11, OPX 15) . PCR reactions were set as follows in a final volume of 25 ll: 0.1 mM dNTP, 2 mM MgCl 2 , 0.5 lM primer, 19 reaction buffer and 0.25 U Taq Polymerase. Samples were submitted to 45 cycles of the following conditions: 1 min at 94°C, 45 s at 35°C and 1.5 min at 72°C. Amplified fragments were separated according to size on 1.0% agarose gel, stained with ethidium bromide. Gel documentation and fragment size determination were performed by the software Image Master Total Lab (Pharmacia). RAPD reactions were repeated two times for all individuals to confirm the reproducibility of this method.
Data analysis
The gels were scored for the presence or absence of only reproducible and clearly amplified fragments. Genetic diversity within species and groups was evaluated by proportion of polymorphic loci (P) and Shannon's genetic index (H 0 ) (Bussell 1999). Groups consisted of accessions of the same variety (for C. liberica), cultivar, variety and population (for C. canephora), populations (for C. congensis and C. liberica var. dewevrei) and origin (for C. arabica). The Piatã hybrid was excluded of the genetic diversity analysis because it was represented by only one accession. P was calculated dividing the number of polymorphic bands by total number of amplified bands in each group. Shannon's genetic index for each RAPD locus was calculated for each group as:
where p i is the frequency of the presence or absence of a band in that group. Following the method of Bussell (1999) the partitioning of genetic variation within and between species was estimated (Analysis 1). The average diversity over all species for each locus (H ST ) for each species was calculated. In addition, the components of diversity within and between the varieties of C. liberica (Analysis 6) and within and among groups (or populations) of C. liberica var. dewevrei (Analysis 7) were calculated. Finally, we considered C. canephora and C. congensis as a single group and analyzed the partitioning of the diversity within and between species (Analysis 8) and groups (Analysis 9). This was carried out due to the morphological and molecular similarity showed by both species (Moncada and McCouch 2004; Prakash et al. 2005) .
Genetic distance among all 180 accessions was estimated as the complement of Jaccard's (1908) coefficient (Link et al. 1995) . Cluster analysis was performed using the matrix distance based on the complement of Jaccard's coefficient employing the UPGMA method. Bootstrap analysis (Felsenstein 1985) was performed to evaluate the tree topology reliability for 1000 simulations. These analyses were carried out using the software Treecon (Van de Peer and Watcher 1994). The cophenetic coefficient between the matrix of genetic distance and the dendrogram were computed using the NTSYS-PC package (Rohlf 1998) . The dendrogram obtained by NTSYS was the same generated by Treecon. The significance of the cophenetic correlation was tested by the Mantel correspondence test (Mantel 1967) .
Since the cluster analysis of all accessions is a very large tree, it was selected three accessions at random from each group (except cultivars of C. arabica) in order to visualize the dendrogram. For a scrutinized study of C. canephora and C. congensis relationships, a cluster analysis including all accessions of these species was performed.
Results
RAPD markers
Thirteen primers generated a total of 100 fragments. The number of fragments per primer varied from 2 to 16 with a mean of 7.7 fragments per primer. Fragment sizes ranged from 300 to 2240 bp. Five bands were monomorphic for all accessions studied. Polymorphism was not detected among 8 accessions of C. liberica var. liberica. Some bands were species or group specific. The lowest values were of C. liberica var. liberica, the autogamous C. arabica and C. heterocalyx species. Also, C. kapakata, the species with the lowest number of individuals in the collection showed low H 0 . Values of proportion of polymorphic loci (P) in each group (Table 2) followed the same pattern of Shannon's index.
Genetic relationships
Analysis of diversity with Shannon's index (Table 3) revealed that most RAPD variation was partitioned between, rather than within species (G 0 ST = 0.713). However, C. canephora and C. liberica showed a high genetic diversity within the species (H 0 sp ) mostly partitioned between the groups and varieties (high G 0 ST ). C. congensis and C. arabica also showed the genetic diversity distributed between the groups, but with lower levels of genetic diversity. Special analysis of C. canephora and C. congensis accessions showed that diversity among groups of both species (G 0 ST = 0.529) is higher than diversity between the species (G 0 ST = 0.186). Cluster analysis corroborated results of Shannon's genetic index (Fig. 1) . The cophenetic correlation (r = 0.84) indicated that the clustering of genotypes demonstrated in the dendrogram accurately represented the estimates of genetic distance among accessions. Jaccard's coefficient identified a level of genetic distance between species ranging from 0 (C. canephora var. kouilouensis 69-13 and C. congensis pop. uganda 01) to 0.70 (C. racemosa and all other species) (Fig. 1) . The dendrogram showed two major groups (Fig. 1) . The first included the accessions of C. racemosa species clustered with accessions of P. ebractelatus. The second group encompassed basically all other species clustered in two subgroups. Two clusters formed the first subgroup: the first included C. heterocalyx grouped with Piatã and all related C. arabica accessions. The second involved C. eugenioides jointed with C. kapakata after clustered with C. stenophylla. The second subgroup comprised a cluster of the C. liberica accessions jointed with C. congensis and C. canephora, which were closely related to each other and formed another cluster. However, there were a few groups clearly distinguished and only some clusters were supported by high bootstrap values.
Cluster analysis of all accessions of C. canephora and C. congensis confirmed H 0 and G 0 ST results (Fig. 2 , Tables 2 and 3 ). Only accessions from the C. congensis group, kouilouensis variety and the bukobensis population could be clearly distinguished, but these grouping associations were not supported by high bootstrap values and the C. congensis cluster included some accessions of C. canephora. 
Discussion
Genetic diversity
The level of polymorphism, the genetic diversity evaluated through Shannon's index and the genetic distances values observed in this study were in the range of previous studies carried out in coffee species (Lashermes et al. 1993; Ruas et al. 2000; Aga et al. 2003; Moncada and McCouch 2004; Silvestrini et al. 2007 ). Using SSR markers, Silvestrini et al. (2007) showed slightly higher H 0 values than found here for C. racemosa and C. eugenioides accessions and lower values for cultivars of C. arabica. These values were obtained even with a lower number of accessions of C. racemosa evaluated and with a greater number of arabica cultivars sampled from the same genebank of IAC. Despite the fact that RAPD and SSR have grouped the C. arabica cultivars similarly, they have showed different genetic index (Maluf et al. 2005 ). These results suggested that these molecular markers sample genetic diversity in different ways in coffee.
Coffea canephora and C. liberica var. dewevrei accessions showed a fairly high genetic diversity, and C. arabica cultivars exhibited a very low H 0 values. These results were not unexpected since the analyzed diploid species such as C. canephora are outcrossed and come from different geographical origins, while cultivated C. arabica have a well-reported narrow genetic basis Moncada and McCouch 2004; Silvestrini et al. 2007 ).
Although C. congensis, C. stenophylla, C. racemosa and C. eugenioides showed intermediate values of H 0 sp and H 0 , genetic analyses indicated that there is a variation within and between species which could be useful as source of valuable genes for introgression of desired characteristics in commercial coffee cultivars. From the breeding standpoint, this is quite important if we consider the potential genes locked up in plant collections that can be identified and used in development of new plant varieties by advanced breeding methods.
Even with a reasonable number of individuals studied, C. liberica var. liberica showed very low genetic diversity. Driven by such unexpected results, a careful documentary survey was carried out in the original archives of the C. liberica accessions revealing that among the nine studied plants, two were half-sibs and the other seven clones of a single tree originated by cleftgrafts in the 40's. For this group, inclusion of new accessions and exclusion of duplicates are necessary to increase the effective population size and genetic diversity. Inclusion of new accessions could also be important for C. kapakata, C. heterocalyx and P. ebracteolatus to enlarge their genetic basis in the collection.
Genetic relationships
Most species could be distinguished in the cluster analysis (Fig. 1) corroborating the high diversity found between species. Also, there was a strong genetic structure within studied species, all of them showing high values of G 0 ST . This genetic structure could be explained in part by artificial selection and genetic drift due to dramatic reduction of population size during formation of collection. Some materials are result of intensive process of selection like the C. canephora cultivar Apoatã and C. arabica cultivars (Fazuoli et al. 2002; Fazuoli et al. 2007) . It is noteworthy, however, that there was no separation between cultivated and noncultivated accessions of C. canephora (Fig. 2) . The high genetic diversity within the groups, mainly the cultivars, could explain the lack of arrangement of the accessions in clusters. In agreement with Poncet et al. (2004) , this result also suggested that domestication process in C. canephora might have been independently initiated from various wild populations in different regions of its natural geographical distribution.
Groups of C. arabica exhibited low within (H 0 ), but high between (G 0 ST ) genetic variability, confirming the divergence between mutant and cultivated plants found in the cluster analysis. These results revealed a variation in mutants group, which can be explored for improvement of arabica cultivars. Yet, for Maragogipe plants (Mar.), this use has not been considered viable through conventional improvement methods due to the low productivity of the segregant progenies (Monaco 1960; Carvalho et al. 1991) .
Interestingly, C. congensis and C. canephora accessions analyzed together showed lower values of G 0 ST between species than among groups. Therefore there was more genetic variability among groups of both species than between the species. This was also observed in the cluster analysis ( Figs. 1 and 2) where accessions of both species were very closely related to each other. Similar relationships between these species were found by Moncada and McCouch (2004) and Prakash et al. (2005) . This high similarity plus the high production of fertile hybrids between the species (Louarn 1993) agreed with phylogenetics studies (Cros 1996; Lashermes et al. 1997; Cros et al. 1998) . According to Cros (1996) , C. canephora and C. congensis are clearly defined as different species by botanic, biochemistry and isoenzymatic rather than by phylogenetic characteristics.
A different result was observed in C. liberica species, which includes liberica and dewevrei varieties (Bridson and Verdcourt 1988) . The species showed a high G (Table 3) . Also, cluster analysis showed a significant genetic distance between both varieties (Fig. 1) . This divergence corroborated the results of N' Diaye et al. (2005) that pointed out that C. liberica var. liberica and C. liberica var. dewevrei exhibited a higher level of differentiation than that commonly observed among botanical varieties. The same is true for flower and fruit morphology and structure of chromosomes attached to the nucleolus investigated by Carvalho (1991) and Pinto-Maglio and Cruz (1987) , respectively.
In general, cluster analysis of Coffea accessions from IAC ( Fig. 1) showed similar relationships between species as those observed by phylogenetic Cros et al. 1998 ) and molecular marker studies (Lashermes et al. 1993; Ruas et al. 2000; Moncada and McCouch 2004; Silvestrini et al. 2007) . In other agronomic studies, accessions from the IAC Coffea Collection were evaluated regarding intrinsic coffee bean outturn and fruit chemical composition (Gaspari-Pezzopane et al. 2004; Aguiar et al. 2005) . The resulting groups (Aguiar et al. 2005) were very similar to that observed with RAPD analysis. Three chemically distinct group were observed through PCA analysis: group 1 included C. canephora, C. congensis, C. stenophylla and C. racemosa; a second group including C. eugenioides and C. kapakata; and C. liberica as the only species in group 3. Overall, RAPD analyses confirmed the genetic distribution of diversity of both studies and the species relationships of genus Coffea evaluated. The major difference is the presence of C. racemosa among C. canephora chemical group. This result is interesting because although C. racemosa is the most genetically diverse species of the Coffea genera, it is considered closely related to C. arabica and C. canephora, from the botanical and agronomical point of view, exhibiting fair rates of artificial crossing with these species ). The similar results observed therefore reinforce the use of RAPD method as an efficient tool for evaluating overall genetic diversity in Coffea collections. Also, they indicate that both agronomic and molecular descriptors can be used for the characterization of Coffea diversity.
In conclusion, this study represents the first report of an ex-situ Coffea Germplasm Collection where parameters necessary for genetic diversity evaluation were determined, and may therefore serve as reference for comparisons with other similar collections. Also, the genetic relationship among accessions evaluated in this study not only corroborated previous classifications but also demonstrated that the IAC Coffea Collection is representative of the phylogenetic structure observed in the genera. Genetic diversity analysis showed a fairly high and structured genetic diversity, although some groups and species are still not very well represented, such as C. liberica var. liberica and C. kapakata. Variation was partitioned between, rather than within species, but some species have exhibited high H 0 sp and G 0 ST values and high genetic diversity was also found within most groups. This distribution of diversity between species, between groups within species and within groups indicated that there is not a single collecting strategy to represent the entire variability of the genus Coffea in germplasm collections. Good sampling of species as well as varieties, cultivars and individuals are necessary. Also, these results showed the importance of these germplasm resources as source of variability for coffee breeding programs.
